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A  nanoemulsion  system  was  designed  for  Atorvastatin  calcium  (ATOR)  transdermal 
delivery  to  overcome  its  poor  bioavailability  of  (30%)  resulting  from  the  extensive  first-pass 
effect  and  dissolution  rate-limited  in  vivo  absorption.  Pseudo  ternary  phase  diagrams  were 
developed,  and  various  NE  formulae  were  prepared  using  oleic  acid  (OA),  Tween  80  as 
surfactant  and  PEG  400  as  cosurfactant,  ethanol  and  limonene  as  permeation  enhancers  (PEs). 
NEs  were  characterized  for  morphology,  droplet  size,  zeta  potential  and  in  vitro  release.  The 
optimized  formulae  were  assessed  for  ex  vivo  transdermal  permeation  and  in  vivo 
pharmacodynamic/  pharmacokinetic  studies.  Hypocholesterolemic  effect  after  7  days  skin 
treatment  was  detected  and  compared  to  oral  ATOR  dispersion.  Finally,  blood  plasma  levels 
were  measured  for  24  hr  for  rats  received  the  selected  transdermal  NE  and  transdennal  drug  in 
OA.  The  obtained  results  suggested  the  low  potentiality  of  NE  systems  in  transdermal  delivery 
of  lipophilic  drugs,  only  the  addition  of  PEs  is  driving  factor  for  increasing  drug  flux  through 
full  thickness  rat  skin.  In  the  optimized  formula,  the  presence  of  ethanol  and  PEG  400  disrupts 
SC  lipids  exhibiting  rapid  ex  vivo  release  profile  compared  to  other  NEs  and  to  ATOR  in  OA. 
In  contrast,  the  optimized  NE  achieved  a  prolonged  plasma  profile.  Transdermal  NE  was 
significantly  more  efficient  than  oral  administration  in  lowering  cholesterol  plasma  level  and  in 
increasing  ATOR  bioavailability.  In  conclusion,  data  revealed  no  correlation  between  ex  vivo 
and  in  vivo  studies  explained  by  the  collapse  of  the  follicles  in  ex  vivo  skin  permeation  study, 
leaving  only  the  lipoidal  pathway  for  NE  to  pass  through,  thus  only  NE  components,  neither 
nanosizing  nor  other  reported  mechanisms,  are  the  main  influencing  factors.  In  vivo  experiments 
suggested  that  o/w  NE  changed  ATOR  pathway  to  follicular  delivery  leading  to  accumulation 
of  NE  in  follicles  and  consequently  a  prolonged  plasma  profile. 

Keywords 

Atorvastatin  calcium;  Transdermal  nanoemulsion;  Hypocholesterolemic  effect;  Permeation 
enhancers;  ex  vivo  and  in  vivo  correlation 

Chemical  compounds  stated  in  this  article 

Atorvastatin  Calcium  (PubChem  CID:  60822);  Tween  20  (PubChem  CID:  443314);  Tween  80 
(PubChem  CID:  5284448);  d-  Limonene  (PubChem  CID:  440917).  Oleic  acid  (PubChem  CID: 
445639);  Polyethylene  Glycol  (PubChem  CID:  174). 

1.  Introduction 

Atorvastatin  calcium  (ATOR),  a  3 -hydroxy-3 -methylglutaryl-coenzyme  A  (HMG-CoA) 
reductase  inhibitor,  efficiently  acts  by  competitively  inhibiting  the  reductase  enzyme  which 
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converts  HMG-CoA  to  mevalonate,  thus  interfering  with  cholesterogenesis  in  the  liver.  It  also 
decreases  the  level  of  low  density  lipoproteins  (LDL)  by  increasing  its  reuptake  and  degradation 
(Schachter,  2005).  Therefore,  it  has  been  shown  to  decrease  the  progression  of  coronary 
atherosclerosis,  by  shrinking  the  lipid  core  of  the  plaque.  In  addition  to  its  hypocholesteremic 
activity,  it  is  used  in  the  mediation  of  osteoporosis,  benign  prostatic  hyperplasia,  and 
Alzheimer’s  disease  (Davies  et  al.,  2016). 

ATOR  is  a  BCS  class  II  compound  of  low  water  solubility  (log  P  =  5.39)  and  high 
permeability.  It  has  a  poor  oral  bioavailability  of  only  12-14%,  this  is  mainly  attributed  to  high 
pre-systemic  gastrointestinal  clearance,  incomplete  intestinal  absorption  and  first-pass 
metabolism  (Adams  et  al.,  2015).  The  oral  administration  of  ATOR  also  suffers  from 
gastrointestinal  disturbances  as  diarrhea,  constipation  and  decreased  appetite  (Ramadan  et  al., 
2015).  The  concomitant  intake  of  food  produces  a  25  and  9%  reduction  in  maximum  drug 
concentration  (Cmax)  and  systemic  availability,  respectively.  Due  to  its  extensive  hepatic 
metabolism  after  oral  administration,  more  oxidative  stress  is  exerted  on  the  liver,  this  puts 
patients  with  liver  diseases  at  risk,  taking  into  consideration  the  chronic  nature  of  the  disease, 
therefore  an  alternative  route  of  administration  than  the  oral  one  could  greatly  reduce  the  amount 
of  such  metabolic  stress  on  the  liver  (Chojnacki  et  al.,  2017). 

The  transdermal  route  would  be  considered  advantageous  to  improve  ATOR 
bioavailability  by  avoiding  pre-mature  drug  metabolism  in  intestine  and  liver  (Doherty  and 
Pang,  1997).  In  addition,  the  convenience  and  ease  of  application  could  add  to  the  benefit  of 
this  delivery  way,  which  results  in  better  patience  compliance.  However,  the  major  limiting 
factor  of  drug  delivery  through  the  skin  is  to  enable  the  permeation  through  the  stratum  corneum 
(SC),  which  acts  as  a  natural  protective  barrier  against  environmental  elements  and  foreign 
chemicals.  Effectual  alteration  of  such  barrier  in  a  reversible  manner  could  resolve  this  limitation 
taking  into  account  the  hydrophobic  compact  nature  of  SC,  this  could  be  accomplished  via  well- 
designed  drug  delivery  platforms. 
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Nanoemulsion  (NE)  is  a  kinetically  stable  system  that  consists  of  two  immiscible  liquids 
(oil  and  water)  stabilized  by  a  blend  of  surfactant  and  co-surfactant.  Nanoemulsions  (NEs)  are 
translucent  in  appearance  with  droplet  size  ranged  from  20  to  200  nrn  (Thakur  et  al.,  2012). 
NEs  provide  many  benefits  over  other  nanocarriers,  including  simplicity  of  formulation  without 
the  need  of  high  energy  or  sophisticated  procedures,  cost-effective,  good  storage  stability,  and 
high  drug  loading  capacity;  all  of  these  benefits  support  scaling  up  and  economic  mass 
production  (£inar,  2017). 

To  our  best  knowledge,  transdermal  delivery  of  ATOR  from  NE  has  not  been 
investigated  and  only  few  reports  investigated  the  transdermal  delivery  of  ATOR  from 
transfersomes  (Mahmoud,  et  al.,  2017),  nanosuspension  (Subramanian,  et  al.,  2016), 
ethosomes  (Bhagya,  2018)  and  proniosomes  (Soujanya  et  al.,  2019). 

Herein,  different  ATOR-loaded  o/w  NEs  were  developed,  optimized  in  two  steps,  and 
fully  characterized.  The  ex-vivo  drug  pemieation  across  rat  skin  was  studied  for  the  optimized 
formulations.  The  selected  ATOR-loaded  NEs  were  evaluated  in  vivo  compared  to  oral  ATOR. 
The  hypocholesteremic  effect  of  ATOR  and  its  bioavailability  from  different  preparations  were 
assessed  via  PD  and  PK  studies,  respectively,  allowing  to  answer  the  question;  by  which 
mechanism  does  an  o/w  NE  enhance  the  transdermal  permeation  of  a  lipophilic  drug? 

2.  Materials  and  methods 

2.1.  Materials 

Atorvastatin  calcium  (purity  98.9%)  was  kindly  gifted  by  Egyptian  International 
Pharmaceuticals  Industries  Co.  (E.I.P.I.Co,  Cairo,  Egypt).  Tween  80  (polyoxyethylene  sorbitan 
mono  oleate),  Tween  20  (Polyethylene  glycol  sorbitan  monolaurate),  PEG  400  (polyethylene 
glycol  400),  oleic  acid,  diethyl  ether,  dichloromethane  and  ammonium  formate  were  purchased 
from  Oxford  Chemicals  (Mumbai,  India).  Captex®  355  EP/NF  (triglycerides  of  caprylic/capric 
acid)  was  received  as  a  gift  sample  from  ABITEC  Corporation  (Ohio,  USA).  Ethanol  (HPLC 
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grade),  Methanol  (HPLC  grade),  acetonitrile  (HPLC  grade),  sunflower  oil  and  cotton  seed  oil 
were  purchased  from  Sigma  Aldrich  (St.  Louis,  Missouri,  USA).  D-Limonene  was  bought  from 
Thermo  Fisher  (Kandel)  GmbH  (Karlsruhe,  Gennany).  Disodium  hydrogen  phosphate, 
potassium  dihydrogen  phosphate  and  sodium  chloride  were  supplied  from  El-Nasr 
Pharmaceutical  chemicals  (Cairo,  Egypt).  Simvastatin  as  internal  standard  was  supplied  by 
Ranbaxy  (Sungai  Petani,  Malaysia).  Xyla-ject  (Xylazine  Hydrochloride  23.3  mg/ml)  was 
purchased  from  Adwia  Pharmaceuticals  (Cairo,  Egypt).  Cholesterol  measuring  kit,  Liquizyme 
single  reagent  was  purchased  from  Spectrum  Diagnostics  (Cairo,  Egypt).  ARcare®  83 1 1,  a  skin- 
friendly  pressure-sensitive  adhesive  was  purchased  from  Adhesives  Research  Ltd.  (Essex,  UK). 
Other  chemicals  and  solvents  were  of  analytical  grade. 

2.2.  Methods 

2.2.1.  Solubility  study  of  ATOR  in  different  oils 

In  order  to  select  the  best  oil  for  NE  preparation,  the  saturated  solubility  of  ATOR  was 
determined  according  to  the  method  reported  by  (Rodde  et  al.,  2014).  Excess  amount  of  the  drug 
was  dissolved  in  2  ml  of  various  oils,  namely;  oleic  acid,  Captex®,  cotton  seed  oil  and  sunflower 
oil,  in  a  5  ml  capacity  stopper  vials.  The  vials  were  firmly  closed  and  were  mixed  continuously  for 
48  h  in  mechanical  shaker  (KS  4000  from  IKA,  Beijing,  China)  at  25°C.  Samples  were  taken  from 
each  vial  and  then  subjected  to  centrifugation  at  5000  rpm  for  15  min  using  a  cooling  centrifuge 
(Sigma  Laborzentrifugen  GmbH,  Osterode,  Germany).  The  supernatant  was  collected  and  filtered 
with  0.45  pm  membrane  filter  (Thomas  Scientific  Philadelphia,  USA.)  then  dissolved  in  methanol 
and  solubility  was  measured  by  UV-Vis  spectroscopy  (Shimadzu  UV-Vis  spectrophotometer 
240j/PC,  Tokyo,  Japan)  at  kmax  247  nm  after  adequate  dilution  with  methanol  to  determine  the 
maximum  ATOR  amount  solubilized  in  each  component. 

The  molar  extinction  coefficient  (s)  of  ATOR  was  determined  at  its  Lmax  in  different 
media  used;  100%  methanol  (for  solubility  studies)  and  phosphate  buffer  saline  (PBS)  (for  in  vitro 
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release  studies)  from  Beer’s  Lambert  law  and  found  to  be  21564  and  20726  L.  mol  fern"1, 
respectively. 

2.2.2.  Construction  of  pseudo-ternary  phase  diagrams 

The  pseudo-ternary  phase  diagrams  were  created  using  water  titration  method  at  room 
temperature,  to  study  the  behavior  of  systems  consisting  of  oil,  surfactant/co-surfactant  mixture 
(Smix)  and  water.  Each  triangle  vertex  in  the  phase  diagram  represents  100%  of  each  component. 
Surfactants  and  co-surfactant  (Smix),  composed  of  either  Tween  80  or  Tween  20  as  surfactants  and 
PEG  400  as  a  co-surfactant,  were  mixed  at  different  ratios  (1: 1,  2:1  and  3:1).  Mixture  of  the  oil  and 
Smix  was  prepared  at  ratios  (w/w)  of  10:0,  9:1,  8:2,  7:3,  6:4,  5:5,  4:6,  3:7,  2:8,  1:9,  0:10.  Double 
distilled  water  was  added  dropwise  followed  by  mixing  until  the  system  produced  a  sudden  turbidity 
followed  by  transparent  appearance  indicating  the  successful  formation  of  NE  as  described  by 
(Chavhan  et  al.,  2013).  The  phase  diagrams  were  plotted  using  Triplot  4.1.2  software  (Todd  A. 
Thompson  USA),  all  the  studies  were  repeated  in  triplicate. 

2.2.3.  Preparation  of  ATOR-loaded  NEs 

Following  the  identification  of  the  NE  regions  through  the  phase  diagrams,  a  series  of  NE 
formulae  were  developed  by  water  titration  method  using  double  distilled  water  as  described  before, 
then  20  mg  of  ATOR  was  incorporated  in  the  prepared  NE  and  the  formula  was  mixed  using  a 
vortex  mixer  (Heidolph,  Germany)  NEs  were  then  stored  at  room  temperature  until  used. 

2.2.4.  Characterization  of  ATOR-loaded  NEs 

2.2.4.I.  Measurement  of  Droplet  size,  polydispersity  index  (PDI)  and  zeta  potential  (ZP) 

One  gram  of  NE  fonnula  containing  20  mg  of  ATOR  was  diluted  to  10  mL  with  distilled  water 
in  a  vial  and  mixed  gently.  The  droplet  size  and  PDI  of  the  NE  formulae  were  determined  using 
dynamic  light  scattering  (DLS),  while  the  ZP  of  all  prepared  formulae  were  measured  using  laser 
Doppler  anemometry  (LDA)  technique,  both  parameters  were  measuredusing  a  Malvern  Zetasizer 
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Nano-ZS  instrument  (Malvern  instruments  Ltd.  Worcestershire,  UK).  Light  scattering  was 
maintained  at  25  °C  at  a  90°  angle  (  Suyal  and  Ganesh,  2017,  Chavhan  et  al.,  2013). 

2.2.4.2.  In  vitro  ATOR  release  study 

In  vitro  release  of  ATOR  was  carried  out  for  the  selected  NE  fonnulae  based  on  the 
constructed  phase  diagrams.  The  study  was  performed  in  Franz  diffusion  cells,  using  cellulose 
dialysis  membrane  with  a  molecular  weight  cutoff  of  12,000-14,000  Da  (Thomas  Scientific, 
Philadelphia,  USA).  Each  cell  contains  an  effective  permeation  area  of  2.27  cm2  with  a  receptor 
chamber  volume  of  7  mL,  equipped  with  a  magnetic  stirrer  rotating  at  600  rpm.  The  temperature 
was  maintained  at  37  ±  0.5  °C.  Freshly  PBS  (500  mL,  pH  7.4)  was  added  to  the  system  tank,  which 
is  equipped  with  an  automatic  sampler  and  receptor  chamber  volume  replenishing  mechanism.  The 
automatic  sampler  was  set  to  sample  and  replace  receptor  volume  at  intervals  of  1,  2,  3,  4,  5,  6,  7 
and  8  h,  automatically  placing  the  withdrawn  sample  in  a  number  coded  rack  for  each  cell.  Analysis 
of  drug  concentration  was  performed  using  a  UV-Vis  Spectrophotometer  at  Amax  247  nm.  In  vitro 
drug  release  profiles  were  plotted  as  the  cumulative  percent  of  drug  released  against  time  for  all  the 
investigated  formulae  and  the  release  efficiency  ( RE$ /,)  was  calculated  to  compare  the  release  profile 
of  all  formulae  by  the  following  equation: 

flydt 

RE  =  - ^*100  Eq.  (1) 

yioo-  * 

Where  (/*y.dt  x  100)  is  the  area  under  curve  in  an  interval  of  time  t,  expressed  in  percentage 
value  and  (Y ioo-T)  is  the  rectangle  area  considering  100%  release  in  the  same  time  t. 

2.2.4.3.  Transmission  electron  microscopy  (TEM) 

Morphology  of  the  optimized  NE  formulae  was  visualized  using  TEM  (JEM-2100,  Jeol, 
Tokyo,  Japan).  A  combination  of  bright  field  imaging  with  escalating  magnification  and  of 
diffraction  modes  was  utilized  to  show  the  shape  and  size  of  the  NE.  A  droplet  of  each  selected  NE 
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formula  was  applied  on  a  copper  grid.  After  formation  of  a  thin  film  layer,  the  grid  is  rinsed  to 
remove  non-adherent  particles,  negatively  stained  with  1%  of  phosphotungstic  acid,  rinsed  a  second 
time,  and  then  allowed  to  dehydrate  for  10  min.  Once  the  copper  grid  was  inserted  into  the  TEM 
electron  chamber,  an  image  was  formed  from  the  interaction  of  the  electrons  transmitted  through 
the  NE  sample.  The  image  was  magnified  and  focused  onto  an  imaging  device,  where  it  was  viewed 
on  a  computer  monitor. 

2.2.4.4.  Viscosity  determination 

The  viscosity  of  optimized  NE  was  investigated  using  Brookfield  cone  and  plate  rheometer 
(Brookfield  cone  and  plate  rheometer,  Massachusetts,  USA)  at  25  ±  0.5°C.  The  sample  size/wt  was 
0.5  g  at  speed  of  30  rpm.  Data  interval  and  the  loop  start  were  1,  while  the  wait  time  was  30  min 

(Bhatt  and  Madhav,  2011). 

2.2.5.  Ex  vivo  ATOR  skin  permeation  study 

Skin  ATOR  permeation  study  was  carried  out  for  the  optimized  NE  formulations 
according  to  guidelines  of  Research  Ethics  Committee  of  Faculty  of  Pharmaceutical  Sciences  & 
Pharmaceutical  Industries,  Future  University  in  Egypt  (FUE)  No  (REC-FPSPI-7/46).  The  rats 
were  first  euthanized  by  use  of  overdose  of  sodium  thiopental  followed  by  removing  the 
abdominal  hair  by  shaving  with  electric  shaver.  Once  all  the  hair  was  removed,  the  full-thickness 
skin  was  extracted  and  inspected  for  scratches,  bites  or  any  abnormalities  before  proceeding  to 
remove  the  subcutaneous  fat  carefully  without  damaging  the  epidermis,  the  skin  was  then  placed 
in  PBS  solution  for  10  min  before  conducting  the  experiment.  When  the  skin  was  not  used,  it 
was  stored  at  -20°C  and  utilized  in  a  period  of  1  week  of  skin  harvest.  Preceding  to  testing,  the 
skin  was  left  to  thaw  in  room  temperature  then  equilibrated  in  PBS  (pH  7.4)  for  1  h  prior  to  the 
experiment. 

The  full  thickness  skin  was  positioned  onto  a  receptor  compartment  with  the  SC  facing 
the  donor  chamber,  the  formulae  were  then  added  into  each  Franz  cell  (Hanson  research,  Vision 
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Microelle  autosampler,  6-Cell  drive  system,  auto  fill  collector  system,  California,  USA).  The 
device  was  set  to  the  desired  sampling  hours;  2,  4,  8,  12,  and  24  h.  Samples  were  then  collected 
and  measured  via  HPLC  for  drug  concentration.  The  cumulative  amount  of  ATOR  permeating 
across  the  rat  skin  was  plotted  against  time.  The  study  was  performed  in  triplicate. 

The  permeability  coefficient  (P)  of  ATOR  across  rat  skin  was  calculated  according  to  Eq. 
(2)  (Shaker  et  al.,  2003),  where  A  is  the  diffusional  area  of  the  Franz  cell  (2.27  cm2),  CD  the 
concentration  of  ATOR  in  the  donor  chamber,  and  dQ/dt  is  the  slope  of  the  linear  region  of  plot 
illustrating  the  amount  of  ATOR  permeated  versus  time.  Experiments  were  run  for  24  h  so  that 
the  steady  state  regions  were  around  three  to  five  times  longer  than  the  lag  time. 


1  dQ 
ACd  dt 


Eq.  (2) 


Where,  A  is  the  diffusional  area  of  diffusion  cell,  CD  is  the  concentration  in  donor 
chamber,  dQ/dt  is  the  slope  in  the  steady  state  region  of  the  amount  of  permeant. 


Flux  at  steady  state  ( Jss )  was  also  calculated  according  to  the  following  equation: 

JSs  =  PCd  Eq.  (3) 

2.2.6.  HPLC  assay  for  quantitative  ATOR  determination 

The  ATOR  concentrations  were  quantitatively  determined  by  a  validated  analytical  assay 
using  HPLC  (Shimadzu,  Tokyo,  Japan,  equipped  with  Shimadzu  LC-10  AD  VP  pump,  DGU- 
12A  degasser  and  SCL-10A  VP  system  controller,  Auto  sampler  AS4000,  Photodiode  array 
Detector).  The  samples  of  20-pl  volume  were  injected  onto  C-18  reversed-phase  analytical 
column  (Massachusetts,  USA,  Waters  LC  2695,  10  pm  particle  diameter  125 A,  Bondpak, 
4.6x250  mm).  The  mobile  phase  consisted  of  ortho-phosphoric  acid  (0.2%,  v/v)  and  acetonitrile 
(80:20,  v/v)  in  an  isocratic  elution  mode  at  a  flow  rate  of  1  mL/min.  The  wavelength  of  UV 
detector  was  set  at  243  nm.  No  interference  from  any  formulation  components  was  observed 
during  the  elution  of  ATOR. 
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2.2.7.  In  vivo  studies 

2.2. 7.1.  Animals 

Wistar  albino  rats  weighing  250  ±  20  gm  were  supplied  by  the  Animal  house  of  Faculty  of 
Pharmaceutical  Sciences  and  Pharmaceutical  Industries,  Future  University  in  Egypt  (FUE).  This 
experimental  design  was  approved  by  the  Research  Ethics  Committee  of  Faculty  of  Pharmacy, 
Future  University  in  Egypt  (REC-FPSPI-7/46). 

2.2. 7.2.  PD  Study  design 

Forty-eight  Wistar  albino  rats  were  employed  in  the  PD  study.  Before  initiation  of 
hypercholesterolemia,  blood  samples  were  withdrawn  from  the  retro-orbital  vein  from  all  rats  and 
analyzed  using  Liquizyme  cholesterol  measuring  kit.  After  establishing  the  baseline  cholesterol 
level,  the  rats  were  fed  with  atherogenic  diet  for  60  days  to  initiate  hypercholesterolemia.  The 
atherogenic  cholesterol  diet  consisted  of  5%  hydrogenated  vegetable  fat,  5%  butter,  1% 
cholesterol  powder  and  0.5%  coconut  oil,  all  mixed  with  pellet  chow  as  reported  by 
(Minhajuddin  et  al.,  2005),  with  slight  modifications.  The  rats  were  divided  into  8  groups,  each 
consisted  of  6  rats.  The  transdermal  fonnulae;  FI,  FIE,  F1EP,  F1EL,  and  ATOR  in  OA  were 
applied  in  order  from  G-l  to  G-5.  ATOR  oral  dispersion  was  administered  to  G-6.  A  negative 
control  group  that  did  not  receive  any  induction  or  treatment  and  another  positive  control 
(induced,  untreated)  group  were  both  included  to  assess  the  effect  of  atherogenic  diet  and 
treatments  on  plasma  TC  levels. 

2.2. 7.2.1.  Blood  sampling  and  preparation 

One  mL  of  blood  was  withdrawn  from  each  rat  through  the  retro-orbital  sinus  vein  using 
heparinized  glass  capillary,  blood  samples  were  then  left  for  20  min  then  centrifuged  at  5000  rpm 
at  -  4°C  for  5  min.  Once  the  blood  serum  was  separated,  10  pi -sample  was  then  transferred 
carefully  to  a  test  tube  which  contained  lmL  of  measuring  kit  reagent.  The  test  tube  was  then 
shaken  gently  and  left  for  10  min  for  the  reagent  to  react  with  cholesterol  in  the  plasma  producing 
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a  pink  or  purple  color.  It  was  then  measured  against  standard  using  colorimetric  analysis.  The 
plasma  total  cholesterol  (TC)  was  calculated  via  the  following  equation  described  by  the 
measuring  kit  manufacturer. 


Plasma  TC  concentration 


(specimen  absorption) 
(standard  absorption) 


x  200 


Eq.  (4) 


2.2. 7.2.2.  Assessment  of  hypocholesteremic  effect 

After  60  days  of  feeding  the  rats  on  the  atherogenic  diet,  the  successful  induction  of 
hypercholesteremia  was  confirmed  by  measuring  cholesterol  levels  with  the  same  cholesterol 
measuring  kit  technique  mentioned  above.  After  confirming  hypercholesteremia,  the  dorsal  side 
of  rats  was  shaved  using  electric  shaver,  all  the  rats  in  the  groups  were  mildly  sedated  by 
intraperitoneal  injection  of  Xyla-ject  (20  mg/kg),  to  ease  the  application  of  plastic  donor  caps 
containing  each  formula  (20  mg  ATOR/  gm  formula).  The  cap  reservoir  was  applied  onto  a  2  cm2 
-  dorsal  area  using  skin  glue  (ARcare®,  Adhesives  Research  Inc,  Pennsylvania,  USA)  that  created 
a  seal  around  the  cap  edges  and  held  the  cap  onto  the  skin  during  the  delivery  time.  Caps  were 
then  peeled  away  without  causing  skin  damage  (Shaker  et  al.,  2007). 

The  same  application  procedure  was  carried  out  for  groups  (G-l  to  G-5),  while  G-6  received 
ATOR  dispersion  using  oral  gavage.  Treatments  (20  mg  ATOR/gm  formula)  were 
applied/received  daily  for  7  successive  days  and  the  TC  level  of  each  rat  in  the  6  groups  was 
analyzed  compared  to  the  initial  level  before  treatment,  and  the  percent  reduction  in  TC  level  was 
then  determined. 


2.2. 7.3.  PK  Study  design 

Eighteen  Wistar  albino  rats,  weighing  250  ±  20  gm,  were  fasted  for  12  h  with  only  access  to 
water  prior  to  the  start  of  experiment.  The  rats  were  divided  into  three  groups,  each  group  comprised 
of  6  rats.  G-I  and  G-II  were  applying  F1EP  and  ATOR  in  OA,  respectively,  while  ATOR  oral 
dispersion  was  received  to  G-III,  at  a  single  drug  dose  of  80  mg/Kg.  Both  G-I  and  G-II  were 
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prepared  by  mild  sedation  followed  by  shaving  the  dorsal  side  of  each  rat  using  an  electric  razor. 
Plastic  donor  cap  was  used  in  order  to  deliver  one  dose  of  each  formula.  The  cap  was  applied  as 
previously  described  (Shaker  et  al.,  2007).  Heparinized  tubes  were  used  for  collection  of  the  blood 
samples  at  different  time  intervals;  2,  4,  6,  8,  12,  16,  18  and  24  h  post-dosing.  The  blood  samples 
were  centrifuged  at  4,000  rpm  for  5  min  and  the  plasma  was  collected  in  separate  glass  tubes  to  be 
kept  frozen  at  -80°C  until  analysis  using  liquid  chromatography-mass  spectrometry/mass 
spectrometry  (LC-MS/MS). 

2.2. 7.3.1.  Analysis  of  ATOR  plasma  levels  by  LC-MS/MS  assay 

ATOR  concentration  was  quantified  by  a  HPLC  method  coupled  with  MS/MS  detection  for 
the  determination  of  ATOR  in  plasma.  The  method  was  validated  in  accordance  with  the  “bio- 
analytical  method  validation  guidelines”  method  prior  to  analysis.  Plasma  samples  (100  pL)  were 
spiked  with  20  pg/mL  of  simvastatin  as  internal  standard  which  was  then  mixed  for  1  min  with 
400  pL  of  diethyl  ether:  dichloromethane  7:3  (v/v),  using  the  vortex  mixer.  The  samples  were 
subjected  to  centrifugation  at  2,000  rpm  for  10  min  at  room  temperature.  The  supernatant  was 
separated  and  injected  into  the  LC-MS/MS  system.  The  LC  system  was  integrated  with  an  Agilent 
6420  triple  quadruple  LC/MS  system,  CA,  USA.  Inertsil  ODS-3  C18  (50  mm  x  4.6  mm,  5pm) 
was  used  as  an  analytical  column.  The  mobile  phase  consisted  of  ammonium  formate:  Methanol 
10:90  (%  v/v)  and  the  elution  mode  was  isocratic,  with  a  flow  rate  of  0.7  mL/min  under  ambient 
temperature.  The  temperature  of  the  auto  sampler  (Agilent  1100  series  Model  G1311A,  CA, 
USA)  was  kept  constant  at  25°C  and  the  injection  volume  was  30  pL.  Triple  quadruple  mass 
spectrometer,  equipped  with  an  electro  spray  ion  source  (Model  G1948B,  Agilent  1200  series, 
CA,  USA)  and  operating  in  the  positive  ion  mode,  was  used  for  detection  of  all  of  the  analyzed 
samples  and  internal  standard.  Data  analysis  was  performed  using  the  Agilent  MassHunter 
Qualitative  Analysis  B.05.00  (SP1). 

The  ATOR  standard  calibration  curve  was  plotted  by  spiking  blank  rat  plasma  with  standard 
stock  solution  of  ATOR  to  obtain  concentrations  of  1,  2,  3,  5,  7,  10,  20,  30  and  60  ng/mL.  The 


Journal  Pre-proofs 


standard  curve  was  constructed  by  plotting  the  ratio  of  the  drug  peak  area  to  that  of  the  internal 
standard  versus  ATOR  concentration.  All  assays  were  performed  in  triplicates.  The  unknown 
sample  concentration  could  be  calculated  from  the  linear  regression  equation  of  the  standard 
calibration  curve. 

2.2. 7.3. 2.  Bioavailability  assessment 

The  area  under  the  plasma  concentration-time  curve  (AUC0-24)  was  calculated  using  the 
linear  trapezoidal  method,  as  described  by  (Pathan  and  Mallikarjuna  Setty,  2012).  The  PK 
parameters  of  ATOR  (Cmax,  Tmax,  AUC0-24  and  mean  residence  time  ‘MRT’)  were  calculated 
using  WinNonlin®  software  (Pharsight  Co.,  Mountain  View,  CA,  USA)  after  a  single  dose  (80 
mg/Kg)  of  optimized  NE  formula  (F1EP),  ATOR  in  OA  and  ATOR  oral  dispersion.  The  relative 
bioavailability  (%)  of  transdermal  ATOR  to  oral  ATOR  was  also  determined  using  the  following 
equation: 

(AUCq  _  24  of  transdermal  ATOR) 

Relative  bioavailability  (%)  =  (AUCo_24  oforaiATOR)  x  100  Et>*  (5) 

2.2.8.  Statistical  analysis 

All  the  results  were  represented  as  mean  values  ±  SD.  Statistical  analysis  for  PK  parameters 
were  calculated  by  applying  two  way  analysis  of  variance  (ANOVA)  followed  by  post-hoc  test 
using  SPSS®  software  (IBM  20,  USA). 

3.  Results  and  discussion 

3.1.  Selection  of  NE  oil  phase  based  on  solubility  study 

Solubility  of  drug  in  excipients  has  a  significant  impact  on  the  stability  of  formulae. 
Therefore,  screening  of  the  appropriate  oil  is  a  primary  requirement  of  NE  development.  NEs 
should  be  isotropic,  monophasic  and  must  have  good  solubilizing  capacity  to  incorporate  single 
dose  of  drug  in  minimum  volume  of  formulation. 
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ATOR  is  a  hydrophobic  drug  with  a  low  aqueous  solubility  of  1.23  mg/mL.  Solubility  in 
different  oils  was  determined  and  found  to  be  arranged  as  follows;  oleic  acid  (OA)  [10.34  mg/mL] 
>  Captex®  [4.23  mg/mL]  >  cotton  seed  oil  [3.41  mg/mL]  >  sunflower  oil  [2.21  mg/mL],  The 
results  obtained  confirm  a  substantial  solubilization  effect  of  OA  compared  to  the  other  oils  as  a 
result  of  HLB  values;  1,  6,  and  7  for  OA  (Du  et  al.,  2010),  cottonseed  oil  (Hannan,  2007)  and 
sunflower  oil  (Cornier  et  al.,  2019),  respectively. 

Higher  oil  solubility  of  a  hydrophobic  drug  will  favor  an  overall  stability  of  the  formulation. 
The  natural  long-chain  fatty  acid  OA,  which  can  be  described  as  an  amphiphilic  compound  with 
surfactant  characteristics,  is  efficiently  replacing  the  regular  medium-chain  triglyceride  lipids,  as 
Captex®,  in  the  NE  formulae  (Kogan  and  Garti,  2006).  Therefore,  OA  was  chosen  as  the  oil 
phase  owing  to  the  higher  solubility  of  drug  in  oil  which  leads  to  lower  requirement  of  surfactant 
and  co-surfactants,  and  consequently  minimizes  the  toxic  effect  of  surfactants.  On  the  other  hand, 
the  high  drug  solubility  in  oil  was  reported  to  lessen  the  contribution  of  surfactant  or  co-surfactant 
in  drug  solubilization,  hence  reduce  the  risk  of  precipitation  (Shafaat  et  al.,  2013). 

3.2.  Construction  of  pseudo-ternary  phase  diagrams 

On  account  of  the  results  of  solubility  study,  OA  was  the  chosen  oily  phase.  Tween  80/PEG 
400  and  Tween  20/PEG  400  were  the  surfactant  and  co-surfactant  combinations  selected  for 
development  of  o/w  NEs  in  this  work.  It  was  reported  that  the  surfactants  selected  for  o/w  NEs 
should  have  HLB  value  greater  than  10  for  immediate  formation  of  o/w  droplets  (Kadu  et  al., 
2011),  this  matches  well  with  Tween  80  (HLB  =15)  and  Tween  20  (HLB  =  16.7).  Tweens  have 
been  shown  to  produce  droplets  with  smaller  sizes  than  those  obtained  from  other  surfactants 
(poloxamer  407,  Span  80,  etc.)  (Khayata  et  al.,  2012).  Furthermore,  the  addition  of  co-surfactant 
is  mandatory  as  it  reduces  the  bending  stress  of  the  interface  and  provides  suitable  flexibility  to 
the  interfacial  film  to  adopt  different  curvatures  necessary  to  form  NE  of  small  droplet  sizes. 
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Both  surfactant  and  co-surfactant  (Smix)  were  mixed  at  different  ratios,  hence  five  pseudo- 
ternary  phase  diagrams  were  designed  and  presented  in  Fig,  l(A-E),  respectively.  The 
investigations  of  the  phase  diagrams  help  to  select  the  appropriate  concentration  of  excipients, 
i.e.,  oil  proportion  and  optimum  Smix  ratio  aiming  to  produce  NE  with  good  stability  (Ali  and 
Hussein,  2017).  The  shaded  region  indicates  NE  region,  a  wider  region  indicates  a  better  and  a 
more  stable  NE  system.  It  is  worth  to  clarify  that  the  formulae  prepared  with  Tween  80/PEG  400 
(Smix  3:1)  were  physically  unstable  upon  preparation  and  thus  were  not  included  in  further 
studies. 

It  is  observed  that  system  I  containing  Tween  80  showed  the  widest  NE  regions  compared 
to  system  III  containing  Tween  20  at  the  same  Smix  ratio.  Although  the  HLB  values  of  the 
incorporated  surfactants  are  higher  than  10,  there  was  a  significant  variation  in  their  capability  to 
emulsify  oils.  The  results  obtained  indicated  that  in  addition  to  HLB  value,  there  are  other  factors 
like  structure  and  relative  length  of  hydrophobic  chains  of  surfactants  that  affect  the  creation  of 
NE.  The  fact  could  be  ascribed  to  the  longer  unsaturated  fatty  acid  chains  (C 1 8)  of  Tween  80  than 
that  of  Tween  20  (saturated  C12  chains),  imparting  more  flexibility  in  the  structure  of  the  former, 
and  hence  better  emulsification  potential. 

The  NE  formation  is  thermodynamically  spontaneous,  due  to  the  presence  of  surfactant 
which  reduces  the  interfacial  tension,  hence  lowering  the  free  energy  required  to  fonn  an 
emulsion.  All  of  the  NEs  formed  were  stable  which  could  be  the  result  of  higher  HLB  value  of 
Tweens,  and  higher  solubilizing  capacity  of  PEG  400.  Furthermore,  surfactants  supply 
mechanical  barrier  to  coalescence  (Resende  et  al.,  2008).  A  narrow  NE  area  was  observed  in  case 
ofSmix2:l  and3:l  [Fig.  l(B,DandE)]  in  comparison  to  Smix  1:1  [Fig.  1  (A  and  C)].  That  is  to 
say  increasing  co-surfactant  proportion  induces  NE  formation  and  stability.  The  fact  may  be 
accredited  to  the  water  miscibility  of  PEG  and  its  affinity  to  redistribute  itself  between  the 
aqueous  phase  and  emulsion-water  interface,  hence  reducing  co-surfactant  content  leads  to  loss 
of  solvent  capacity  which  results  in  an  unstable  emulsion.  These  results  indicated  that  the  quantity 
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of  PEG  400  was  directly  proportional  to  emulsion  stability  which  was  in  accordance  with  previous 
reports  (Ibrahim  et  al.,  2016).  The  addition  of  PEG  400,  particularly  when  combined  with  Tween 
80,  provided  further  reduction  in  the  surface  tension  and  fluidized  the  interfacial  surfactant  film 
which  can  expand  the  area  of  formation  of  NE  system  (El  Maghraby,  2008).  Therefore,  different 
NE  formulae  were  selected  based  on  the  pseudo-ternary  diagrams  drawn,  the  composition  of  these 
NE  formulations  are  collected  in  Table  1. 

3.3.  Characterization  of  the  selected  ATOR-loaded  NEs 

The  chosen  formulations  were  loaded  with  ATOR  at  a  concentration  of  20  mg/g  NE.  The 
drug  completely  dissolved  without  any  signs  of  precipitation  observed.  NEs  were  found  stable 
upon  storage  at  room  temperature  for  three  months. 

3.3.1.  Measurement  of  Droplet  size,  polydispersity  index  (PDI)  and  zeta  potential  (ZP) 

The  droplet  size,  PDI  and  ZP  were  measured  for  the  selected  NE  formulae  after  being 
loaded  with  ATOR  at  a  concentration  of  20  mg/g  NE,  and  the  results  are  demonstrated  in  Table 
2. The  droplet  size  of  the  NE  is  an  essential  factor  on  account  of  its  significance  in  determination 
of  the  extent  and  rate  of  the  release  of  the  drug  leading  to  penetration  improvement  (Khurana 
et  al.,  2013).  The  results  showed  that  the  droplet  sizes  ranged  from  1 1 1 .8  ±  16.6  to  195.6  ±  14.3 
nm,  demonstrating  all  experimental  formulae  were  in  NE  range.  Increasing  Smix  content 
revealed  a  negligible  effect  on  droplet  size.  As  obvious,  the  fonnulae  containing  about  80%  w/w 
Smix  showed  the  smallest  droplet  size,  this  observation  was  in  agreement  with  Kallakunta  et  al 
who  stated  that  minimum  droplet  size  was  observed  between  70  and  80%  of  surfactant  system 
concentration.  They  attributed  their  finding  to  rapid  formation  of  the  droplets  with  higher 
surfactant/oil  ratio  (Kallakunta  et  al.,  2012).  Another  explanation  is  the  stabilization  of  o/w 
interface  and  formation  of  a  better  closed  pack  film,  leading  to  fast  arrangement  of  the  droplets 
which  subsequently  results  in  smaller  droplet  size  (Balata  et  al.,  2016).  Small  droplets  have  a 
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greater  liability  to  be  attached  to  membranes,  as  well  as  transporting  drug  in  a  further  controlled 
way  and  covering  a  wide  surface  area,  (Kogan  and  Garti,  2006). 

The  PDI  results  ranged  from  0. 17  to  0.62.  Only  NE  formulae  with  PDI  <  0.3  were  selected 
indicating  a  narrow  deviation  of  average  size  and  homogenous  population.  Also,  the  ZP  of  all 
ATOR  NEs  prepared  were  in  the  range  of -15  to  -30  mV.  These  negative  charges  could  be 
attributed  to  the  presence  of  the  polyethoxylate  ion  in  both  Tween  80  and  Tween  20,  which 
forms  hydrogen  bonds  with  the  continuous  phase  water  molecules  in  the  boundary  layer  of  o/w 
NE  (Nursakinah  et  al.,  2015).  Based  on  the  previous  results,  formulae  F2,  F4,  F5  and  F7 
contained  a  Smix  ratio  less  than  80%  w/w  that  ranges  from  45-60%  w/w  were  excluded  from 
further  studies,  while  formulae  FI,  F3,  F6,  F8  and  F10  were  selected  for  further  investigations. 

3.3.2.  In  vitro  ATOR  release  studies 

For  the  in  vitro  drug  delivery  evaluation,  the  study  was  carried  out  to  analyze  drug  release 
from  the  selected  five  NE  formulae  FI,  F3,  F6,  F8  and  F10.  The  experiment  was  conducted 
through  cellulose  membrane  using  PBS  pH  7.4  containing  10%  methanol  as  receptor  solution. 
The  release  data  are  illustrated  in  Fig.  2.  The  release  rate  was  the  fastest  in  FI  but  the  slowest  in 
F3.  The  percentages  of  ATOR  released  after  8  h  from  the  prepared  formulae  could  be  arranged 
in  descending  order  as  follows:  F1=F8>F6>F10>F3,  with  release  percentage  of  100,  100,  92.9, 
72.9  and  48.2%,  respectively.  These  results  could  be  ascribed  to  the  small  droplet  size  range 
(1 1 1.8-168.2  nm)  of  all  formulae  under  study  except  F3  which  acquired  the  largest  size  (241.3 
nm).  The  significant  higher  droplet  size  (/i<0.05)  of  F3,  compared  to  other  formulae,  could  be 
the  main  reason  for  its  sustained  release  profile.  However,  it  was  observed  that  the  variation  of 
droplet  size  within  the  tested  range  (111.8-168.2  nm)  does  not  appear  to  have  any  major 
influence  on  drug  release,  hence  no  clear  relation  could  be  established  between  NE  droplet  size 
and  the  release  profiles. 
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The  results  indicated  that  FI  reached  complete  drug  release  after  6  h  with  a  release 
efficiency  of  61%  followed  by  F8  after  8  h  attaining  49.3%  efficiency.  This  could  be  ascribed 
to  the  influential  effect  of  Tween  80  on  ATOR  solubilization  capacity  in  the  former  formula 
compared  to  Tween  20  in  the  latter  one.  Therefore,  FI  and  F8  were  chosen  for  further 
optimization. 

3.4.  Optimization  of  the  selected  ATOR-loaded  NEs 

On  the  basis  of  in  vitro  study  data,  FI  and  F8  were  selected  for  further  optimization  by  the 
incorporation  of  ethanol  and  D-limonene  as  penetration  enhancers  at  different  concentrations.  FI, 
composed  of  9%  OA,  40.5%  Tween  80,  40.5%  PEG  400  and  10%  water,  was  optimized  by 
different  ways;  ethanol,  being  a  co-surfactant  with  penetration  enhancement  property,  was 
entirely  replacing  PEG  400  fonning  formula  FIE  (9%  OA,  40.5%  Tween  80,  40.5%  Ethanol  and 
10%  water).  In  another  trial,  ethanol  was  included  by  replacing  half-proportion  of  PEG  400 
developing  formula  F1EP  with  the  following  composition:  9%  OA,  40.5%Tween  80,  20%  PEG 
400, 20.5%  Ethanol  and  10%  water.  Acting  as  an  effective  penetration  enhancer,  D-limonene  was 
incorporated  at  5%  concentration  in  conjunction  with  ethanol  and  PEG  400  preparing  formula 
F1LEP  with  the  following  constituents:  9%  OA,  40.5%  Tween  80,  10%  PEG  400, 25.5%  Ethanol, 
5%  Limonene,  and  10%  water.  The  concentration  of  D-limonene  was  adjusted  at  5%  (w/w), 
considered  to  be  the  optimum  concentration  to  enhance  the  transdermal  flux,  and  above  which  a 
decrease  in  penetration  profile  occurs  as  reported  by  (Chandrashekar  and  Hiremath,  2008). 
Also,  5%  D-limonene  (w/w)  could  be  tolerable  as  it  did  not  show  any  skin  erythema  and  edema 
after  application  on  rabbit  skin  as  described  by  (Lakshmi,  2014).  Accordingly,  both  ethanol  and 
limonene  were  tried  to  be  included  in  F8,  constituting  of  9%  OA,  53.5%Tween  20,  27.5%  PEG 
400  and  10%  water,  however  the  addition  of  any  penetration  enhancers  resulted  in  instability  of 
the  formula.  This  result  was  in  accordance  with  Tadros  et  al  who  reported  that  Tween  20  as 
surfactant  can  lead  to  lower  NE  stability  being  more  susceptible  to  surface  area  fluctuations, 
increasing  creaming  and  coalescence  phenomena  (Tadros,  2013). 
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3.5.  Characterization  of  the  optimized  ATOR-loaded  NEs 

3.5.1.  Droplet  size,  PDI  and  ZP 

The  droplet  size,  PDI  and  ZP  of  the  optimized  NE  formulae  were  detected  (Table  2).  The 
mean  size  ranged  from  142.5  to  320.2  mn  confirming  that  all  prepared  NEs  are  sub-micron 
emulsions.  Surprisingly,  larger  droplet  sizes  were  significantly  formed  in  all  optimized  formulae 
containing  ethanol  (/?<0.05)  when  compared  to  FI.  This  might  be  attributed  to  the  dilution 
performed  during  particle  size  measurement,  mostly  affecting  alcohol  containing  NE,  which  may 
lead  to  a  disordering  at  the  interfacial  film  stabilizing  the  oil  droplets,  and  hence  coalescence.  The 
PDI  was  in  the  range  of  0.19  to  0.41,  indicating  a  limited  size  distribution.  All  formulae  showed 
a  relatively  high  surface  charge  ranging  from  -13  to  -26.3  mV,  confirming  good  system  stability. 

3.5.2.  Morphology  imaging  using  TEM 

TEM  is  considered  one  of  the  most  crucial  approaches  applied  to  visualize  NE  droplets 
morphology.  TEM  images  of  the  optimized  NE  formulae  are  illustrated  in  Fig.  3.  The  NE  droplets 
occur  as  dark  spheres  and  the  surroundings  were  of  bright  color.  The  droplets  were  seen  as 
nanometer-sized  spherical  particles,  without  visible  drug  crystals  which  confirm  the  good  state  of 
NE.  The  formula  FI  showed  a  droplet  size  ranging  from  18.99  to  23.73  mn,  while  F8  from  23.45 
to  47.7  mn.  To  confirm  the  morphology  of  the  formulae  after  the  inclusion  of  penetration 
enhancers,  both  FIE  and  F1EP  were  imaged  using  TEM  and  illustrated  in  Fig.  3.  FIE  and  F1EP 
displayed  droplet  nano-sizes  ranging  from  43.32  mn  to  88.99  nm  and  from  17.86  nm  to  36.21  mn, 
respectively. 

The  droplet  size  range  detennined  by  TEM  was  significantly  smaller  than  that  obtained  by 
dynamic  light  scattering  technique.  This  may  be  ascribed  to  the  drying  process  applied  for  NE 
samples  before  measurement,  in  addition  to  the  dehydration  caused  by  the  vacuum  system  in 
TEM  imaging  chamber  (Klang  et  al.,  2013). 
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3.5.3.  Viscosity  determination 

As  shown  in  Table  2,  both  formula  FI  and  F8  exhibited  the  highest  viscosities,  compared 
to  the  other  formulae.  This  can  be  accredited  to  the  presence  of  PEG  400  in  both  formulae  (El 
Maghraby,  2008)  There  was  no  significance  difference  between  the  viscosity  of  F1EP  and 
F1LEP  (p  >  0.05),  but  their  viscosities  were  significantly  higher  than  FIE  (p  <  0.05).  This  could 
be  the  result  of  the  high  ethanol  concentration  in  the  latter  formula. 

3.6.  Ex  vivo  skin  permeation  study 

The  skin  permeation  of  all  optimized  ATOR-loaded  NE  formulations  were  studied,  and 
compared  to  ATOR  solubilized  in  OA.  The  reason  we  choose  to  study  ex  vivo  and  in  vivo  skin 
permeation  of  ATOR  from  NE  and  comparing  it  to  drug  in  OA  is  to  challenge  the  belief  that  NE, 
as  a  dosage  form  is  by  default  enhances  the  release  of  drugs  through  the  skin,  since  OA  is  a 
permeation  enhancer  that  causes  the  SC  to  swell  due  to  more  water  absorption.  OA  also 
compromises  some  of  the  basic  elements  of  the  SC,  hence  deepening  penneation  through  this 
limiting  and  protective  barrier  (Kogan  and  Garti,  2006).  Skin  permeation  profiles  of  ATOR 
from  different  formulae  across  rat  skin  at  different  time  intervals  are  illustrated  in  Fig.  4.  As 
obvious,  F1EP  exhibited  the  highest  cumulative  ATOR  permeated,  while  FI,  F8  and  ATOR  in 
OA  were  the  least.  The  penneation  parameters  were  also  calculated  and  are  presented  in  Fig.  5. 
The  permeability  coefficient  ( P )  is  a  quantitative  measure  of  the  rate  at  which  the  drug  molecule 
can  cross  a  membrane,  expressed  in  cm/h,  however  the  flux  (Jss)  measures  the  amount  of  solute 
diffusing  a  cross-sectional  area  of  the  membrane  over  time,  expressed  in  ug/cm2/h.  By  observing 
the  results  of  both  parameters,  the  various  formulations  can  be  arranged  based  on  the  rate  and 
extent  of  drug  permeation  in  a  descending  manner  as  follows:  F1EP  >  F1LEP  >F1E>F1> 
ATOR  in  OA  >  F8.  Although  its  high  solubilization  capacity  as  well  as  its  inherent  penetration 
enhancement  effect,  OA  alone  failed  to  enhance  ATOR  penneation  across  rat  skin  with  a  P  and 
Jss  values  of  6.9  cm/h  and  1.38  ug/cm2/h,  respectively.  Indeed,  the  statistical  analysis  revealed 
no  significant  difference  (/?<0.05)  between  drug  fluxes  obtained  in  case  of  ATOR  in  OA,  FI  and 
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F8,  indicating  that  o/w  NE  without  any  penetration  enhancers  had  negligible  effect  on  isolated 
skin  permeation  testing.  The  effect  of  both  skin  hydration  and  nanosizing  associated  with  o/w 
NEs  had  actually  minimal  effect  on  ATOR  transdermal  permeation.  The  follicular  delivery  also 
could  be  assumed  not  being  the  pathway  for  permeation  of  ATOR  NEs,  since  skin  follicles  tend 
to  collapse  in  vitro  and  ex  vivo,  as  they  are  blocked  with  dry  sebum  and  secretions,  thus  become 
inactive  (Verma  et  al.,  2016).  The  high  viscosity  of  these  formulations  (Table  2),  hence  the  low 
thermodynamic  activity  of  the  drug  could  be  the  reason  for  such  retardation  in  ATOR  permeation. 

The  addition  of  ethanol  in  FIE  improved  ATOR  flux  through  rat  skin  by  6  folds  reaching 
53  cm/h  and  10  ug/cm2/h  for  P  and  Jss,  respectively,  when  compared  to  FI.  Ethanol  acts  as  a 
hydrotrope  which  adequately  reduces  the  interfacial  tension  of  surfactant  film  located  between 
the  oily  and  aqueous  phases,  exerting  a  clear  impact  on  both  the  density  and  viscosity  of  the  NE 
(Tenjarla,  1999).  Also,  ethanol  has  the  capability  to  reversibly  alter  the  SC  and  increase 
permeation  through  boosting  fluidity  in  the  transport  rate-limiting  lipid  regions  (Kouchak  and 
Handali,  2014).  Ethanol  penetrates  the  skin  and  fluidizes  significant  amounts  of  the  lipid  barrier 
material  from  the  SC.  This  lipid  fluidization  could  lessen  the  function  of  skin  barrier  and  provide 
more  permeability  to  the  membrane,  which  is  the  most  likely  explanation  for  the  effect  of  ethanol 
as  a  skin  penetration  enhancer  (Van  der  Merwe  and  Riviere,  2005).  The  influence  of  ethanol  as 
a  skin  penetration  enhancer  was  expressed  as  a  'puli'  or  'drag'  effect  promoting  solute  penetration 
(Lachenmeier,  2008). 

The  maximum  drug  flux  was  observed  in  case  of  F1EP,  attaining  98  cm/h  and  19.6  jig/cm2/h 
of  P  and  Jss,  respectively,  which  was  higher  than  that  obtained  from  FIE.  Lower  ethanol 
concentration  in  F1EP  (20.5%)  was  found  more  efficient  in  fluidizing  the  SC  lipid  bilayer,  when 
compared  to  40%  ethanol  in  FIE.  These  results  agree  with  those  obtained  by  (Sakdiset  et  al., 
2017),  where  moderate  concentration  of  ethanol  resulted  in  enhancement  of  the  permeant  flux, 
while  further  increase  of  ethanol  resulted  in  reduction  of  this  flux.  The  augmenting  effect  of 
ethanol  seems  to  have  an  ideal  range  (Pershing  et  al.,  1990)  where  dehydration  of  the  skin 
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membrane  occurs  at  highly  concentrated  ethanol  and  thus,  reducing  the  drug  permeation  through 

it  (Williams  and  Barry,  2012). 

Moreover,  the  flux  results  achieved  by  F1EP  could  be  attributed  to  the  additional  interaction 
of  PEG  400  with  the  intercellular  lipids  causing  a  disruption  in  their  organization  and  an  increase 
in  their  fluidity,  and  also  partly  as  a  result  of  solubilization  of  lipid  bilayers  by  PEG  400,  as 
reported  by  (Shah  et  al.,  2013).  Moreover,  the  synergistic  effect  exerted  when  PEG  400  was 
associated  with  ethanol  regarding  penetrating  enhancing  potential  facilitated  ATOR  permeation. 
A  previous  study  reported  the  synergistic  effect  of  multiple  components  to  enhance  skin 
penetration  (Karande  and  Mitragotri,  2009).  The  synergistic  enhancements  obtained  from  a 
mixture  of  propylene  glycol  and  alcohols  have  been  documented  by  (Kaiho  et  al.,  1989). 

On  the  other  hand,  FI  showed  lower  skin  permeation  compared  to  F1EP,  although  the 
higher  proportion  of  PEG  400  in  the  former  formulation  than  the  latter  (40.5%  versus  20%  PEG 
400,  respectively).  The  fact  could  not  be  ascribed  to  the  solubilization  capacity  of  PEG  400,  but 
to  the  reduction  in  drug  thermodynamic  activity  based  on  the  high  viscosity  of  FI  (309  cPs),  as 
interpreted  before.  This  result  was  in  agreement  with  the  findings  confirming  no  correlation 
between  drug  solubilizing  effect  and  permeation  (Hamishehkar  et  al.,  2015). 

However,  reducing  PEG  400  concentration  below  20%  in  case  of  F1LEP  (10%  PEG  400 
along  with  25.5%  ethanol  and  5%  limonene),  compared  to  F1EP  seems  to  have  a  lowering 
penetration  enhancing  effect  even  with  the  addition  of  5%  limonene,  where  the  respective  P  and 
Jss  values  were  54  cm/h  and  10.9  ug/cm2/h.  However,  the  addition  of  limonene  in  F1LEP  did  not 
enhance  the  permeation  of  ATOR,  comparable  to  FIE.  These  results  went  parallel  with  that 
reported  by  (Almirall  et  al.,  1996),  where  limonene  even  reduced  the  transdermal  penneability. 

The  overall  permeation  pattern  can  be  expressed  according  to  the  following  equation 

(Shaker  et  al.,  2003): 


P  sc  -Pl  +  Pp 


Eq.  (6) 
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where  Psc  is  the  permeability  coefficient  of  the  SC,  PL  and  Pp  are  the  permeability  coefficients 
for  the  lipoidal  and  pore  (follicular)  pathways,  respectively. 

Therefore,  the  ex  vivo  permeation  experiments  suggest  that  the  lipoidal  pathway  (PL) 
dominates  for  the  hydrophobic  permeant  ATOR  as  a  result  of  the  collapse  of  skin  follicles.  The 
driving  force  is  fluidization  of  phospholipid  bilayer  by  penetration  enhancers  and  other  NE 
components.  Thus,  the  total  permeability  coefficient  can  be  expressed  by  the  following  model: 

Psc^Pl  Eq.  (7) 

However,  during  in  vivo  studies,  the  follicular  delivery  (pore  pathway  PP)  could  not  be 
neglected  due  to  the  existence  of  open  skin  follicles.  Therefore,  the  in  vivo  studies  are  mandatory 
for  investigating  the  permeation  pathways  of  lipophilic  permeants  like  ATOR  and  confirming  the 
importance  of  NEs  in  their  transdermal  permeation. 

3.7.  In  vivo  studies 

3.7.1.  PD  results 

3.7.1. 1.  Induction  of  hypercholesterolemia  in  rats 

After  60  days  of  feeding  rats  on  atherogenic  diet,  blood  samples  were  collected,  and  plasma 
TC  levels  were  measured  using  Liquizyme  measuring  kit.  The  mean  plasma  TC  level  of  all  rats 
under  study  had  an  average  of  156.5  mg/dL  after  induction  in  comparison  to  the  initial  mean  data 
(95.9  mg/dL),  indicating  an  elevation  by  63%.  The  negative  control  (non-induced)  group  showed 
non-significant  change  in  its  TC  level  (/;>(). 05)  after  the  induction  period  measuring  98.3  ±6.1 
mg/dL,  compared  to  its  initial  measurement  (96.1  ±  4.2  mg/dL).  The  hypercholesteremia  was  then 
successfully  induced  in  rats  due  to  the  atherogenic  feed  as  previously  reported  in  earlier  study 
(Dietschy  et  al.,  1993). 


3.7.I.2.  Assessment  of  hypocholesteremic  effect 
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The  selected  NE  formulae  and  ATOR  in  OA  were  applied  on  the  shaved  dorsal  side  of  the 
rats’  skin,  as  illustrated  in  Supplementary  Figure  and  described  before.  No  signs  of  erythema  or 
irritation  were  observed  at  the  site  of  application  during  the  treatment  period.  The  mean  plasma  TC 
levels  before  (baseline)  and  after  7  successive  days  of  receiving  the  treatments  in 
hypercholesterolemic  rats  are  collected  in  Table  3.  The  administration  of  all  treatments 
significantly  decreased  the  mean  plasma  TC  level  (p<0.05).  The  %  reduction  of  plasma  TC  level  in 
all  groups  ranged  from  1 1.4  to  27.2%,  where  F1EP  showed  the  highest  decrease  in  TC,  followed 
by  FIE,  F1LEP  then  FI.  A  non-significant  difference  in  percent  reduction  of  TC  levels  was  found 
between  groups  1,  2  and  4  (/?>(). 05),  all  NE  formulae  showed  a  higher  %  reduction  than  drug  in 
OA,  this  could  be  attributed  to  NE  ability  to  retain  the  drug  within  skin  layers.  Data  revealed  the 
superiority  of  F1EP  over  other  NE  formulae  in  enhancing  ATOR  transdermal  permeation,  hence 
improving  the  disease  condition.  These  results  were  in  agreement  with  flux  data  of  ex  vivo  skin 
permeation  experiments  discussed  earlier. 

On  the  other  hand,  ATOR  oral  dispersion  exhibited  higher  hypocholesteremic  effect, 
compared  to  ATOR  in  OA.  This  result  may  be  partially  attributed  to  ATOR  active  metabolites 
(para-hydroxy  and  ortho-hydroxy- ATOR)  metabolized  principally  in  the  liver  by  the  cytochrome 
P450  system.  These  metabolites  further  extend  HMG-CoA  reductase  inhibition  by  up  to  30  h,  a 
property  that  contributes  to  the  drug  greater  efficacy  for  lowering  blood  cholesterol,  compared  to 
other  statins  (Williams  and  Feely,  2002). 

As  obvious,  all  NE  formulae  showed  higher  hypocholesteremic  effect  than  ATOR  oral 
dispersion  (/?<0.05).  This  could  be  elucidated  by  the  enhanced  bioavailability  of  ATOR  by 
transdermal  delivery,  ascribed  to  the  enhanced  NE  permeation  due  to  their  nano-sized  oil  droplets, 
in  addition  to  NE  components  which  cause  a  disruption  in  SC  lipid  bilayer  (Shaker  et  al.,  2019). 

The  study  demonstrated  the  effectiveness  of  transdermal  ATOR  NE  in  reducing 
hyperlipidemia  by  direct  drug  delivery  to  the  circulation,  assuming  a  reduction  of  the  metabolic 
load  on  liver,  hence  non-elevation  in  the  activity  of  liver  enzymes,  due  to  avoidance  of  first-pass 
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metabolism.  The  results  of  PD  study  confirm  the  superiority  of  FIEP  NE  formula,  therefore  it  was 
selected  for  further  PK  study  in  comparison  to  the  oral  dispersion  and  ATOR  in  OA  as  well. 

3.7.2.  PK  results 

3.7.2. 1.  Quantitative  ATOR  determination  in  plasma  using  LC-MS/MS. 

The  adopted  analytical  assay  was  validated  in  terms  of  accuracy,  precision,  linearity  and 
specificity.  The  peak  areas  of  ATOR  serial  concentrations  were  determined  and  the  ratio  between 
each  ATOR  peak  area  relative  to  that  of  the  internal  standard  (simvastatin)  was  deduced  and  plotted 
against  ATOR  concentration.  A  linearity  was  confirmed  over  the  selected  concentrations  with  a 
correlation  coefficient  (R2)  of  0.9979.  The  linear  regression  equation  of  the  standard  calibration 
curve  was  y  =  0.0158  x  +  0.0104,  where  y  is  the  peak  area  ratio  and  x  is  ATOR  concentration  in 
(ng/mL). 

3.7.2.2  PK  parameters  and  bioavailability  assessment 

The  optimized  transdennal  NE  (FIEP)  was  chosen  for  bioavailability  assessment  being  the 
highest  in  terms  of  drug  permeation  extent  across  rat  skin  and  %  reduction  in  plasma  TC  level  as 
well,  compared  to  the  other  NE  formulae.  The  plasma  drug  concentration-time  curves  for  different 
formulae  under  study  are  illustrated  in  Fig.  6  and  the  PK  parameters  are  presented  in  Table  4. 

Compared  to  the  other  formulae  under  study,  FIEP  exhibited  the  lowest  Cmax  with  a  delayed 
Tmax.  These  results  might  be  ascribed  to  the  skin  retention  of  NE  associated  with  a  slow  partitioning 
of  the  drug  into  the  skin  as  reported  in  literature  (Shaker  et  al.,  2019). 

ATOR  oral  dispersion  resulted  in  a  higher  Cmax  than  that  of  NE  but  with  a  short  Tmax.  The  fact 
could  be  attributed  due  to  the  rapid  absorption  followed  by  drug  metabolism  in  the  liver  by  first- 
pass  effect  as  previously  clarified.  Similar  results  were  reported  for  oral  administration  of 
carvedilol,  which  reached  Cmax  after  2  h,  while  its  transdennal  NE  gel  resulted  in  Cmax  that  was 
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reached  after  12  h  (Pratap  et  al.,  2012).  Both  ATOR  oral  dispersion  and  ATOR  in  OA  showed 
almost  comparable  Cmax  and  Tmax  parameters. 

On  the  other  hand,  ATOR  NE  exhibited  a  significant  higher  bioavailability  (p<0.05), 
expressed  by  2-fold  increase  in  AUC0_  24  value,  than  the  other  formulae  under  study.  This  was  due 
to  the  depot  action  of  transdermal  NE  which  offers  a  means  for  sustainment  in  drug  release.  The 
oral  ATOR  dispersion  showed  a  rapid  elimination  from  the  plasma  as  indicated  by  significantly 
lower  values  of  AUC0-24  compared  to  ATOR  NE  (/;<(). 05).  This  result  was  in  agreement  with  the 
PK  parameters  of  Olmesartan  transdermal  NE  which  revealed  a  greater  extent  of  permeation 
compared  to  the  oral  dose  (Aqil  et  al.,  2016).  Vinpocetine  also  showed  higher  bioavailability  when 
released  from  transdermal  NE  when  compared  to  commercial  oral  tablets  (El-Laithy  et  al.,  2011). 
In  another  study,  transdermal  application  of  theophylline  ME  showed  increased  AUC  by  1.65-fold 
higher  than  that  of  the  oral  administration  of  theophylline  tablets  in  rabbits  (Zhao  et  al.,  2006) 

A  non-significant  difference  in  AUC0-24  was  found  between  ATOR  in  OA  and  ATOR  oral 
dispersion  (/;>(). 05).  This  result  confirms  the  incapability  of  ATOR  in  OA  to  effectively  enhance 
the  transdermal  delivery  of  the  lipophilic  drug. 

Accordingly,  the  relative  bioavailability  of  ATOR  NE  was  found  higher  by  two  folds  than  the 
oily  drug  solution  which  only  showed  a  12%  increase  in  its  systemic  availability  compared  to  oral 
dispersion.  This  indicates  an  extended  drug  existence  in  the  plasma  in  case  of  NE  formula,  also 
confirmed  by  a  higher  MRT  value  of  1 1.3  h  and  could  be  ascribed  to  the  deposition  of  ATOR  NE 
within  the  skin  layers,  which  in  turn  serves  as  a  drug  reservoir  for  extended  release  into  the  viable 
epidermis  over  hours  (Benigni  et  al.,  2018). 

Transdermal  NE  was  proved  to  be  more  efficient  in  delivering  ATOR  to  the  systemic 
circulation  compared  to  oral  dispersion  and  ATOR  in  OA  as  well.  However,  the  in  vivo  results 
obtained  in  this  work  seem  not  well  correlated  to  the  ex  vivo  findings.  F1EP  showed  the  steepest  ex 
vivo  permeation  profile  compared  to  ATOR  in  OA,  while  the  same  NE  formula  exhibited  the  most 
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sustained  drug  release  in  vivo.  The  result  could  be  explained  by  the  collapse  of  hair  follicles  during 
ex  vivo  skin  permeation  study.  The  NE  formula  was  thus  forced  to  only  pass  through  the  lipoidal 
pathway  which  accelerated  the  transport  of  the  drug  based  on  the  effect  of  NE  components  (ethanol 
and  PEG  400)  in  disrupting  SC  lipids.  Therefore,  modifying  the  NE  permeation  pathway  towards 
the  appendageal  route,  specifically  via  follicular  delivery,  may  have  contributed  to  deliver  ATOR 
in  vivo  in  a  more  controlled  and  sustained  manner.  Such  pathway  is  not  applicable  when  the  drug 
is  delivered  from  the  oil.  In  addition,  the  cessation  of  perifollicular  circulation  as  proposed  by 
Verma  et  aL,  2016  might  cause  the  variation  between  ex  vivo  and  in  vivo  results. 

4.  Conclusion 

The  present  work  developed  ATOR-loaded  NE  for  transdermal  delivery  aiming  to  avoid  its 
extensive  portal  circulation,  increase  its  bioavailability  and  hence  improve  its  therapeutic  effect. 
The  NE  formulations  were  prepared  using  OA,  Tween  80  or  Tween  20,  and  PEG  400  as  oil, 
surfactant  and  co-surfactant,  respectively.  The  medicated  NEs  containing  20  mg  ATOR/g  formula 
exhibited  nano-sized  spherical  droplets  with  homogenous  distributions  and  negative  surface 
charges.  The  integration  of  ethanol  as  PE  at  a  concentration  of  20.5%  (w/v)  in  F1EP  significantly 
improved  the  drug  flux  through  full-thickness  rat  skin  reaching  19.6  pg/cm2/h  and  98  cm/h  for  Jss 
and  P,  respectively.  The  optimized  ATOR-loaded  NEs  were  assessed  in  vivo  for  their 
hypocholesteremic  effect  as  well  as  systemic  availability  in  comparison  to  ATOR  oral  dispersion 
and  ATOR  in  OA.  F1EP  showed  the  highest  decrease  in  TC  level  by  27%,  and  a  significant  higher 
relative  bioavailability  of  214.3%  with  a  lower  Cmax  but  an  extended  plasma  profile.  The  study 
revealed  a  non-correlation  between  ex  vivo  and  in  vivo  results  suggesting  that  in  vivo 
experimentation  may  be  a  more  accurate  indication  when  both  lipoidal  and  appendageal  pathways 
were  expected.  The  ex  vivo  studies  are  good  predictable  tools  when  the  follicular  pathway  can  be 
neglected  for  transdermal  drug  delivery.  Further  confirmatory  investigations  are  in  progress 
endorsing  the  drug  transdermal  pathways  and  the  potential  mechanisms  by  which  NE  enhanced 
ATOR  penneation  through  the  skin.  It  would  be  possible  to  develop  a  wrist  strap  time-controlled 
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device  that  carries  drug  loaded  NE.  The  device  will  allow  drug  delivery  for  a  certain  period  of  time 
during  the  day  without  having  the  patient  worry  about  oral  dosing  schedule  around  feeding  hours 
and  gastric  side  effects. 
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Figure  Captions: 

Fig.  1.  Pseudo-ternary  phase  diagram  of  different  NE  systems:  (A)  System  I:  OA/Tween  80/  PEG  400 
(Smix  1 : 1),  (B)  System  II:  OA/Tween  80/  PEG  400  (Smix  2:1),  (C)  System  III:  OA/Tween  20/  PEG  400 
(Smix  1 : 1),  (D)  System  IV:  OA/Tween  20/  PEG  400  (Smix  2: 1),  and  (D)  System  V:  OA/Tween  20/  PEG 
400  (Smix  3:1).  The  shaded  area  indicates  the  region  of  stable  NE  formulae. 

Fig.  2.  In  vitro  release  profiles  of  ATOR  from  formulae  FI,  F3,  F6,  F8  and  F10. 

Fig.  3.  Representative  TEM  images  of  FI  (A),  F8  (B),  FIE  (C)  and  F1EP  (D) 

Fig.  4.  Skin  permeation  profiles  of  ATOR  from  different  NE  formulae. 

Fig.  5.  Permeation  parameters  of  the  optimized  ATOR-loaded  NE  formulae. 

Fig.  6.  Mean  ATOR  plasma  concentration-time  curves  (n  =  6)  after  application  of  ATOR-loaded 
NE  (F1EP)  and  ATOR  in  OA  onto  the  dorsal  rats’  skin  and  after  oral  administration  of  ATOR 
dispersion  at  a  single  dose  (80  mg/kg). 
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Formula  Code 

Smix 

ratio 

Composition  (%w/w) 

Droplet 

Size 

(nm)  ± 

SD 

PDI 

±  SD 

ZP 

(mV) 

±  SD 

OA 

Tween 

80 

Tween 

20 

PEG 

400 

Water 

FI 

1:1 

9 

40.5 

- 

40.5 

10 

168.2  ± 

12.3 

0.28 

± 

0.03 

-20.0 

±  1.5 

F2 

2:1 

7 

42 

- 

21 

30 

194.3  ± 

14.6 

0.42 

± 

0.07 

-19.9 

± 

0.65 

F3 

2:1 

9 

54 

- 

27 

10 

241.3  ± 

20.3 

0.34 

± 

0.06 

-19.6 

±2.6 

F4 

1:1 

6 

- 

27 

27 

40 

185.2  ± 

12.6 

0.41 

± 

0.03 

-18.3 

± 

0.94 

F5 

1:1 

7 

- 

31.5 

31.5 

30 

195.6  ± 

14.3 

0.62 

± 

0.04 

-30.0 

±  1.9 

F6 

1:1 

9 

- 

40.5 

40.5 

10 

142.4  ± 

9.9 

0.30 

± 

0.01 

-24.0 

±2.6 

F7 

2:1 

5 

- 

30 

15 

50 

156.0  ± 

12.2 

0.25 

± 

0.06 

-15.0 

±2.3 
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Table  1.  Composition  and  characteristics  of  the  selected  NE  formulae. 


N.B.:  All  data  are  average  of  3  determinations. 

Smix  ratio:  surfactant  to  co-surfactant  ratio,  OA:  oleic  acid,  PDI:  polydispersity  index,  ZP:  zeta 
potential,  SD:  standard  deviation. 
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Table  2.  Composition  and  characteristics  of  the  optimized  NE  formulae. 


For 

mul 

a 

Cod 

e 

Composition  (%w /  w) 

Dropl 

et 

Size 

(nm) 

±  SD 

PDI  ± 

SD 

ZP 

(mV) 

±  SD 

Visco 

sity 

(cPs) 

±  SD 

OA 

Twe 

en 

80 

Twe 

en 

20 

PE 

G 

400 

Etha 

nol 

Lim 

onen 

e 

Wa 

ter 

FI 

9 

40.5 

- 

40.5 

- 

- 

10 

168.2 

±  12.3 

0.28  ± 

0.03 

-20.0 

±  1.5 

309.1 

±9.2 

F8 

9 

- 

53.5 

27.5 

- 

- 

10 

142.5 

±  14.9 

0.32  ± 

0.09 

-26.3 

±0.2 

282.6 

±8.4 

FIE 

9 

40.5 

- 

- 

40.5 

- 

10 

320.2 

±  14.3 

0.19  ± 

0.03 

-13.0 

±  1.6 

26.4  ± 

0.3 

FIE 

P 

9 

40.5 

- 

20 

20.5 

- 

10 

261.3 

±  14.6 

0.41  ± 

0.07 

-15.4 

±0.7 

34.8  ± 

0.6 

F1L 

EP 

9 

40.5 

- 

10 

25.5 

5 

10 

241.3 

±20.3 

0.33  ± 

0.06 

-18.0 

±2.2 

38.2  ± 

1.6 

N.B.:  All  data  are  average  of  3  determinations. 

OA:  oleic  acid,  PDI:  polydispersity  index,  ZP:  zeta  potential,  SD:  standard  deviation. 
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Table  3.  Mean  plasma  TC  levels  before  and  after  7  days  of  treatment  in  hypercholesterolemic 
rats. 


Group  Code 

Treatment 

Mean  plasma  TC  level  (mg/dL  ± 

SD,  n  =  6) 

%  Reduction 
in  plasma  TC 

Before 

treatment 

After  treatment 

level 

G-l 

FI 

145.8  ±4.3 

121.8  ±6.3 

16.5  ±3.4 

G-2 

FIE 

144.0  ±8.1 

1 15.4  ±  3.1 

19.9  ±2.8 

G-3 

F1EP 

152.4  ±5.6 

111.2  ±  8.1 

27.2  ±2.6 

G-4 

F1LEP 

166.4  ±3.5 

136.4  ±6.3 

18.0  ±3.7 

G-5 

ATOR  in  OA 

190.8  ±9.3 

169.0  ±8.3 

11.4  ±2.9 

G-6 

ATOR  oral 

dispersion 

144.4  ±  6.2 

122.8  ±5.2 

15.0  ±3.7 
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Table  4.  In  vivo  PK  parameters  after  administration  of  ATOR  NE  (F1EP),  ATOR  in  OA  and 
ATOR  oral  dispersion  to  rats  at  a  single  dose  of  80  mg/kg 


PK  Parameters 

Mean  data*  ±  SD 

ATOR  NE  (F1EP) 

ATOR  in  OA 

ATOR  Oral 
Dispersion 

Tmax  (h) 

12  (12-16)* 

5.5  (4-6)* 

4  (2-6)* 

Cmax  (ng/mL) 

121.5  ±  4.9 

165  ±35.3 

203.0  ±  18.3 

AUC  0-24  (ng.h/mL) 

1695  ±  172.2 

884.3  ±  151.2 

790.8  ±  151.3 

MRT  (h) 

11.3  ±  0.1 

5.4  ±0.3 

6.7  ±0.2 

Relative  Bioavailability  (%) 

214.3 

111.8 

— 

*median  Tmax  (max- min) 
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